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ABSTRACT 

The primary goal of the research activity presented in this report is to understand the range of 
applicability for different types of lasers to a variety of Electronic Warfare (EW) applications. 
This work provides a detailed investigation into laser coherence properties. In particular, the 
emphasis of this work was on linewidth broadening of commercial-of-the-shelf (COTS) 
distributed-feedback (DFB) semiconductor lasers, turning them into compatible sources for 
microwave photonic signal processing. Optical linewidth refers to the optical phase 
fluctuation of the lasing longitudinal modes. Laser devices having narrow linewidth are said 
to have a high degree of coherence. 

The investigation into laser coherence properties includes linewidth measurements, using a 
phase-modulated delayed self-heterodyning method, of multi-mode Fabry-Perot (FP) and 
single-mode DFB semiconductor lasers. Leveraging from these measurements, a combination 
of injection dithering and external phase modulation is proposed to broaden the linewidth of 
a COTS DFB laser device. Linewidth broadening from 10 MHz to over 200 MHz is possible 
without splitting the linewidth distribution, which is often associated with wavelength 
chirping in semiconductor lasers. The linewidth broadening from 10 MHz to over 200 MHz 
corresponds to a reduction of laser coherence length from 20 metres to less than 1 metre in 
optical fibres. The advantages and limitations of the linewidth broadening technique and its 
applicability to microwave photonic signal processing in EW systems are addressed in this 
report. 
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Distributed-feedback (DFB) Laser Coherence and 
Linewidth Broadening 

Executive Summary 

Distributed-feedback (DFB) semiconductor lasers are single-mode devices operating at 
1550 run. There are favourable properties at this wavelength including low fibre 
attenuation, applicability of dense wavelength-division multiplexing (DWDM) 
techniques and erbium-doped fibre amplifiers (EDFAs). These DFB laser devices are 
also xoseful in microwave photonic signal processing for the same reasons. In addition, 
they manifest Gaussian power probability distribution, which is required to represent 
the statistical nature of target cross-section in Electronic Warfare (EW) receivers. 

One critical drawback in the utilisation of DFB laser devices in microwave photonic 
signal processing is that they are coherent, i.e. they have narrow linewidth. Optical 
hnewidth refers to the optical phase fluctuation of the lasing longitudinal modes. The 
need to minimise the effects of chromatic dispersion in optical fibres in long-haul 
telecommimication systems has been the main driving force behind the development 
of DFB laser devices having narrow linewidth. 

Unlike telecommunication applications, photonic processing of microwave signals 
based on differential delays requires an incoherent optical carrier. To be absolutely 
accurate, the coherence time of the optical carrier must be shorter than the shortest 
differential delay in the photonic signal processor. Therefore, in order to utilise DFB 
laser devices in microwave photonic signal processing, their linewidth has to be 
broadened to reduce their coherence. Commercial DFB lasers have a typical linewidth 
of 1-10 MHz, which must be broadened to ~1 GHz for photonic processing, based on 
differential delays, to be applicable in EW systems operating at intermediate 
frequencies in the order of himdreds of MHz. Broadening linewidth of DFB laser 
devices is therefore the main focus of this report. 

The investigation presented in this report is comprised of two parts. The first part 
focuses on the measurements of hnewidth in single-mode DFB and multi-mode Fabry- 
Perot (FP) semiconductor lasers. The measurement was also extended to a 
wavelength-division multiplexed signal from a DFB device and a tunable laser source. 
The conclusion derived from these measurements clearly shows that the linewidth of 
multi-wavelength optical signals is not determined by the spectral spread of the lasing 
wavelengths. The overall linewidth distribution is a linear contribution of the phase 
fluctuations of each lasing wavelength. Therefore, FP laser devices can be coherent or 
incoherent, and their coherence does not depend on the spectral width because it is 
dominated by phase fluctuations of the longitudinal modes. Figure A on the next page 
illustrates the difference between the above-mentioned concepts of linewidth and 
spectral width. 



Linewidth due to the 
phase noise of the 

optical carrier 

(i) Linewidth of a single-wavelength laser diode. 

Linewidth Spectral widtti relates to the 
envelope of spectrum, which Is 

governed by the wavelength 
dependence of the material gain in 

the laser diode 

(ii) Linewidth and spectral width of a multiple-ivavelength laser diode. 

Figure A: Illustration of linewidth and spectral width. 

The second part of the investigaHon focuses on a technique to broaden the linewidth of 
DFB lasers. A technique based on a simple combination of injection dithering and 
external phase modulation was able to broaden the linewidth of a DFB laser device 
from 10 MHz to over 200 MHz, while maintaining a continuous-wave (CW) optical 
carrier suitable for microwave photonic signal processing. This corresponds to a 
reduction of laser coherence length from 20 metres to less than 1 metre in optical fibres. 

The work on laser coherence and a technique to broaden DFB laser linewidth 
represented in this report makes it possible for DFB semiconductor lasers to be used in 
microwave photonic signal processing. These commercial-off-the shelf (COTS) DFB 
devices can therefore be utilised as alternative sources to high-power FP devices in the 
development of photonic EW applications. In comparison to FP devices, DFB laser 
diodes are more readUy available because of applications in telecommunications. The 
linewidth broadening technique presented in this report can also be applicable to 
compact hmable laser sources, which are currently competing to replace fixed- 
wavelength DFB lasers in telecommvinications networking. 
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1. Introduction 

Microwave photonic signal processing in Electronic Warfare (EW) systems utilises the 
tmique properties of optical fibres, such as low attenuation, wide bandwidth and 
immtinity to electrical interference, to manipulate wideband radio frequency (RF), 
microwave and milHmetre-wave signals [1]. Microwave photonic signal processors 
have been developed based on the tiheory and principles of digital filtering [2], where 
the digital differential delays are replaced with true-time optical differential delay 
techniques [3-9]. 

In order for the microwave signals to be combined coherently, the optical carrier has to 
be incoherent so as to avoid optical coherent interference. The optical coherence lengtii 
has to be shorter than the smallest true-time differential delay implemented in the 
microwave photonic signal processor. For example, a distributed-feedback (DFB) 
semiconductor laser having a coherence length of 20 metres can only be used to process 
signals with frequencies less than 10 MHz [10-12]. However, EW systems often operate 
at frequencies ranging from himdreds of MHz to GHz, which makes DFB laser devices 
incompatible as sources for such microwave photonic signal processing applications, 
where high-frequency input signals are combined coherentiy. 

The main driving force behind the development of highly coherent DFB laser devices 
has been to minimise the effects of chromatic dispersion in optical fibres in long-haul 
telecommunication transmission systems, which require DFB laser devices with the 
narrowest Unewidth possible. However, DFB semiconductor lasers are attractive for 
deployment in microwave photonic signal processing due to their low cost and the 
applicability of dense wavelength-division multiplexing techniques [5]. In order to use 
these DFB lasers in microwave photonic signal processing, their coherence has to be 
reduced, i.e. linewidth broadened. The choice of using lasers in microwave photonic 
signal processing is dictated by performance concerning signal power and noise. There 
are incoherent sources such as light-emitting diodes (LEDs) and broadband sources 
based on erbium-doped fibres, but these optical sources do not deliver the performance 
required by EW applications. 

It can be a mistake to believe that multi-mode Fabry-Perot (FP) semiconductor lasers 
are less coherent than single-mode DFB laser devices because of their wide spectral 
width. Such mistakes exist because the spectral width is often used interchangeably to 
represent both DFB linewidth and the width of the multi-mode optical spectrum [11]. 
For example, a FP laser device can manifest a linewidth of 30 MHz, while its -3 dB 
spectral width can be in the order of hundreds of GHz [13]. This implies that FP 
semiconductor lasers cannot be assumed to be incoherent when utilising them in 
microwave photonic signal processing without careful linewidth consideration. 

The linewidth of DFB lasers can be simply broadened by direct smaU-signal 
modulation or injection dithering [10]. This is optical frequency modulation. Varying 



DSTO-RR-0263 

the carrier populaHon inside the active region of the laser device under direct 
modulation modifies the refractive index [10,14], thereby producing wavelength 
chirping due to the linewidlh enhancement factor [14]. While such simple methods 
allow the linewidth of DFB lasers to be broadened, the direct modulation in turn affects 
their operational characteristics in addition to the modulation on the output optical 
carriers. The aim is to develop a simple technique to perform DFB linewidth 
broadening while maintaining continuous-wave (CW) optical carriers for microwave 
photonic signal processing. The research presented in this report utilises injection 
dithering and phase modulation to broaden the DFB linewidth. 

During the process of completing this report, published research by Hotate and 
colleagues on the synthesis of optical coherence function for sensor applications [15-19] 
was brought to the author's attention. The author wishes to provide a comparison 
below to aid the readers in their imderstanding of the two applicatior\s: 

Linewidth Broadening for Microwave 
Photonic Signal Processing 

Injection dithering, i.e. small-signal direct 
modulation, to broaden the power 
spectrum while maintaining CW optical 
output. Of course, there is a small-signal 
modulation on the optical carrier. The 
linewidth is broadened without splitting 
the distribution into multiple peaks. 

Phase modulation of the optical output at 
low electrical modulation frequency to 
enhance optical phase noise. The purpose 
of phase modulation is to overlap the 
replicated linewidth distributions, after 
injection dithering, effectively creating an 
optical carrier with a broader linewidth 
distribution. No synchronisation is 
required between the injection dithering 
and phase modulation. 

Linewidth is defined by the measured 
dishribution of the optical phase noise 
using a phase-modulated self- 
heterodyiung technique [20]. 

Synthesis of Optical Coherence 
Function for Sensor Applications 

Large-signal direct modulation is 
required to generate a power spectrum 
with a pair of peaks, sometimes referred 
to as "rabbit-ears" [10]. This would 
require a large differential carrier 
population and so the optical output 
would be pulsed [10]. This is typically 
in sensor applications. In References 16 
and 17, a timable laser diode was used. 
Synchronous phase modulation is used 
in a reference arm of a Mach-Zehnder 
interferometer to generate the desired 
optical coherence function. The 
electrical modulation frequency is 
proportional to the optical modulated 
frequency achieved fi-om direct 
modulation. The role of phase 
modulation in this application is to 
modify the optical differential delay 
time of the interferometer. 
The optical coherence function is 
defined by the visibility of the 
interference pattern of the 
interferometer, which is a function of 
the differential delay time.  
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Hotate and colleagues [15-19] defined the optical coherence function as the Fourier 
transformation of the power spectrum of the light source, which is the linewidth 
distribution. From the work by Hotate and colleagues [15-19], if only the optical path 
from the laser diode through to the reference arm of the interferometer is considered, 
then it is similar to the work investigated by the author. However, the complete Mach- 
Zehnder interferometer must be considered as described in the next paragraph. 

In simple terms, Hotate and colleagues started with a light source with very large 
linewidth [15-19]. This is achieved by frequency modulation with large-signal direct 
modulation or optical frequency tuning. Synchronous phase modulation selectively 
modifies the optical differential delay time of the interferometer causing constructive 
and destructive interference at desired offset frequencies [15-19]. Effectively, the 
interferometer acts as a tunable optical notch filter, which samples the broad linewidth 
distribution into discrete frequencies. This is how any arbitrary optical coherence 
function could be synthesised based on Fourier transformation [15-19]. However, this 
sampled hnewidtiK distribution would no longer be suitable for microwave photonic 
signal processing. In addition to the large-signal modulation on the optical carrier, the 
sampled linewidth is effectively a multiplexed signal made up of many signals that 
have small linew^idth distributions, defeating the purpose of hnewidfh broadening. 

The research presented in this report is not so much about the synthesis of linewidth 
distribution or optical coherence function, but it simply focuses on the broadening of 
DFB linewidth for microwave photonic signal processing. The structure of this report 
is arranged into the following sections: 

• Optical Linewidth Measurement Techniques section outlines the preferred method to 
measure hnewidfh of semiconductor lasers. 

• Linewidth of Multi-Wavelength Optical Carriers section presents measurements of 
linewidth of a wavelength-division multiplexed signal and a FP laser device to 
study any dependency on the spectral distribution. 

• Linewidth of Phase-Modulated Optical Carriers section presents measurements of 
external phase modulation as an initial step to investigate techniques to broaden 
the linewidth of DFB semiconductor lasers. 

• Linewidth Broadening of DFB Lasers section presents the results of linewidth 
broadening based on a combination of injection dithering and external phase 
modulation. Discussion on its limitation will be addressed. 

• Conclusions siimmarise the findings of this report. 
• Recommendations detail the appUcation of DFB laser devices in microwave photonic 

signal processing and future research directions. 
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2. Optical Linewidth Measurement Techniques 

In this section, analysis of techniques to measure linewidth of semiconductor lasers 
will be presented. The techniques to be analysed are based on delayed self- 
heterodyning of the optical carrier. 

2.1 Delayed Self-Heterodyning Method 

Delayed self-heterodyning is known to be among the most sensitive method to analyse 
laser linewidth [20]. Such an interferometric arrangement is shown in Figure 1. 

Laser 50:50 

PD&RF 
Spectrum 
Analyser 

Delay, T 

Figure 1: Delayed self-heterodyning interferometric arrangement. 

The analysis of linewidth distribution based on delayed self-heterodyning represented 
in this report will follow that of Reference 20. For simplicity, the coupling coefficients 
of the optical couplers can be ignored in the analysis of the interferometer without 
losing its generality. The input optical fields of the upper and lower arms of the 
interferometer, respectively, are: 

(1) 

(2) 

where EQ is the optical field amplitude, (OQ and <p{t) are optical frequency and phase 
fluctuation function, respectively. 

At the photodetector, which is assumed to have unity responsivity, the current 
produced is given as: 

/(f, r) = (E^ + E,o{t + T))i^ + Eioit + r)] (3) 

(4) 
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Expanding and simplifying the various terms give: 

l{t,T) = 2E^ + E2g/(^(f)-fi'o^-^(f+0) + E^e-ji<pit)-o}o^-'Pit+-^)) 

= 2E2{I + cos{(p(t)-o}or - (p(t + r))] 
(5) 

Provided that the delay, T, is much longer than the coherence length of the laser, it can 
be shown that the electrical spectral density of the current consists of a DC term and a 
Lorentzian distribution centred at DC [20]. The Lorentzian distribution is a result of 
the phase fluctuation, (p\f) - (pif + r). Interested readers can refer to Reference 20 for a 
full analysis of the temporal coherence function and its spectral density. The fuU width 
at half maximum of the Lorentzian distribution gives a measurement of the Knewidth, 
AD, of the optical input carrier [20]. However, there are two problems in determining 
the Hnewidth using this interferometric arrangement: 

1. The Lorentzian distribution is centred at DC, where there is a large DC component. 
2. Commercial wideband spectrum analysers do not operate near DC. 

In order to take an accurate linewidth measurement, the Lorentzian linewidth 
distribution must be shifted away from DC. This is achieved by using an optical phase 
modulator in the upper arm of interf erometric arrangement shown in Figure 1. 

2.2 Phase-Modulated Delayed Self-Heterodyning Method 

The phase-modulated delayed self-heterodyning interferometric arrangement is shown 
in Figure 2. This arrangement is the same as Figure 1, apart from the addition of an 
optical phase modulator (PM) on the upper arm. It is assumed that the phase noise of 
the electrical signal, ^f?p, is low and has negligible effect on the laser hnewidth. 

Laser 

i PD&RF 
Spectrum 
Analyser 

Delay, x 

Figure 2; Phase-modulated delayed self-heterodyning interferometric arrangement. 

The analysis starts out similarly witii Equations 1 and 2.  At the output of the optical 
phase modulator, having a modulating index, S, and fibre delay, the optical fields are: 

E^ = E^^^^ot+V^ysM^nFt)) (6) 
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/           /            \           /            \\ 
EDelay{t + r) = Eoe'Mt^^>9{t^^^) 

(7) 

The current produced by the detector is: 

(8) l{t,r) = (EpM{t)+EDeiay{t + r)}[EpM{t) +EDelay {t + r)j 

i(tj)={E^e^i^otMt>sM^RFt))+^^QiM+ry<p{t+T))\ ^ 

E^e~^' i^otMt)+s M^Rpt))+£ g-y K {t+T)^<p{t+T)) (9) 

Expanding and simplifying the various terms give: 

l(t, T) = 2EI + EI^ i<P^y^o^-9{i+r)y5 sin(ORpO ^ 

£2g-y {(piS)-o)o^-<p{i^-^\-}S M^Rpi) 
(10) 

Using tiie following trigonometric relation: 

-sin(x) = sin(-x) (11) 

The current can then be rewritten as: 

l{t,r) = 2El +£2g/(^(f)-«or-?'(f+r))^-5sin(nRpO ^ 

£2g-y {(pif)-o}oT-(p{t+T))^S sin(-nRpf) 
(12) 

Utilising the following transformation with Bessel functions [21]: 

m=-<x> (13) 

J-m{S) = {-r'Jmis) 

Examples of Bessel fimctions of orders 0 to 5 are plotted in Figure 3. This is 
that readers can compare the measured responses of a particular phase 
described in a later section. Substituting Equation 13 into 12 gives: 

included so 
modulator. 

/(f,r) = 2E2+E2e^(^(')-'"o^-«'(f+^)) f^Jm{s)ei"'^''F* + 
m=-oo 

(14) 

m=-<xi 

6 



DSTO-RR-0263 

Figure 3: Examples of Bessel functions of orders 0 to 5. 

Rearranging Equation 14 results in the following: 

m=-oo 

£2   yj^^^^-y(^(f)-fl)oT-9»(f+r>fmnRpO 

+ 

(15) 
m=-oo 
00 

= 2E2J1+  '^J^{s)cosi(p{t)-a>oT-(pit + T)+mQRFt)\ 
m=-oo 

Equation 15 is in a similar form to Equation 5. By comparing Equations 5 and 15, it can 
be seen that the electrical spectral density of the current in Equation 15 consists of a DC 
term and Lorentzian linewidth distribution centred at mQf^p for integer 0 < m < QO , 
when only positive frequencies are considered. The strength of the Lorentzian 

linewidth distribution centred at mQf^p will be determined by |<^/77(<^)j. The negative 

sign from the Bessel fimctions (Equation 13 and Figure 3) is absorbed by the cosine 
fimction, i.e. - COs(x) = C0s(;7- - x). It is siifficient to study the linewidth distribution 

at m = 1. This is true when S is small, where JQ{S) and J'\{s) terms are dominant as 
shown in Figure 3. Once again, the delay, r, must be much longer than the coherence 
length of the laser. A fibre delay of aroimd 5 km is generally more than adequate. This 
method of using an optical phase modulator in the delayed self-heterodyning 
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interferometric arrangement replicates the optical linewidth distribution at fi/^p to 
first-order approximation, which overcomes the problems associated with using 
commercial wideband spectrum analysers. The actual configuration of the phase- 
modulated delayed self-heterodyning interferometer, which was used to perform all 
linewidth measurements in this work, is as shown in Figure 4. 

Throughout the analysis depicted in Equations 1-15 and the self-heterodyning 
interferometer shown in Figure 4, an ideal 3 dB (i.e. 50:50) optical coupler has been 
assumed. A similar ar\alysis can be generalised for an uneven coupling ratio. The 
consequence of a small deviation from tfie ideal coupling ratio, say 51:49, foimd in 
commercial 3 dB optical couplers would be negligible. 

Signal Synthesizer 
>15dBmat5GH2 

10-GHz 

SM fibre delay, 5.5 km Lasertron 
QDMH1 

Photodetector 

Miteq 45-dB 
Amplifier 

(1-20 GHz) 

HP8564E 
40-GHz 

Spectrum 
Analyser 

Figure 4: Actual configuration of the phase-modulated delayed self-heterodyning interferometer 
used to perform all lirwwidth measurements. 
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2.3 Laser Linewidth and Coherence Length 

The coherence length of a laser is related to its linewidth by the following [12]: 

'c= ^ (16) 

where C is the speed of light in vacuum, r\g is the group index of refraction of the 

propagation medium, and Au is the linewidth. 

Although Equation 16 is the actual coherence length, it is common in optoelectronics to 
use the expression: 

'c=—r- (17) 

For ease of comparison with other works. Equation 17 is used to determine laser 
coherence length throughout this report. 
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3. Linewidth of Multi-Wavelength Optical Carriers 

It is often believed that Fabry-Perot (FP) semiconductor lasers are incoherent optical 
sources because of the broad spectral width, as compared to distributed-feedback 
(DFB) laser devices. In tiiis section, analysis and measurements are presented to 
investigate any dependency of linewidth of multi-wavelength optical carriers on 
spectral distribution. 

3.1 Theoretical Analysis 

The analysis of multiple-wavelength optical carriers presented here is similar to that of 
the phase-modulated delayed self-heterodyning method in the last section. However, 
the analysis is generalised to N wavelengths. The author could not locate the analysis 
presented below in the open literature. The inputs to the upper and lower arms of the 
interferometer are: 

E;;^=Y.E,ei('^^^^Mt)) (,8) 
N 

1 
/c=1 

N 
E;^ = '^=i:E,ei(-^^^^^(^)) (19) 

The fields at the outputs of the phase modulator and fibre delay are: 

^PM& = Y,Ekei^''x^^'^'<^*y'^^^^^^'^Ft)) ^20) 
/c=1 

N 
1 
k=^ 

EDelay{t + r) = f;E,e^('^'c(f+r,).a(f..,)) ^^i) 

where r is average delay in the interferometer and r/f accounts for the dependence 
on wavelength in a dispersive delay medium. Combining the signals at the 
photodetector gives the following current: 

/(f,r) = {EpM{t)+ Eoeiayit + 7))(HPM(0+^De/ay (' + ^)) (22) 

10 
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Utrh 
f N N 

v/c=i k=^ 

^k=^ k=^ 

(23) 

Expanding the brackets gives: 

l(f r) = y E/fe^ K^+^/c0)+^ sin(QR/rf)) y ^^^-y {^/ff+^/f (fM sin(£^RFO) + 

/c=1 /f=1 

y E/f e^ (^k^+^k (t)^^ M^Rpt)) y £^e-y (a'/f (^+^fc)+?»/((^+^/c)) + 

/c=1 /c=1 

y E/f e^ ^'"i< ^^^^'f ^^/f ^^^^'f ^^ y E^e"-' ("^/f ^^^/^ (^^^'^ sin(rjRFf)) ^ 

/f=1 /C=1 

y E/f e^ ^'^^ ^^^^'f ^^/f ^^^^/f ^^ y E/f e"-' ^'^'f ^^^^^^ ^^^ ^^'^^'^ ^^ 
k=^ k=^ 

(24) 

Expanding the wavelengths gives: 

/(f,r)= f;E^ +      f;E;,E/e/((^'^-'^/>-^^'f(^)-^'(^)) + 

y E^e^ ^^'f (^^'^/c^/c -n (f+7/C )^'y sin(nRpf)) ^ 

/f=i 

/C=1,/=1,/cW 

X E^e"-'' ^^/f (')-®'f ^/f "^/f (^+^'f ^^'^ sin(QRpO) + 
k=^ 

/C=1,/=1,/c,i/ 

yEk+      yE/fE/e^^^'"'f"'"/^^'"'f^'f~®/^/^^'f(^^^'f^^'^^^^')^ 
/C=1 /f=1,/=1,/f^/ 

(25) 

11 
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EquaKon 25 is a combination of the beat signals of different wavelengths, e^^^'^~^''\ 
and the linewidth distributions. If all of the beat signals are ignored, i.e. assuming that 
the smallest beat frequency is higher than the bandwidth of the photodetector, then the 
current is reduced to: 

k=^       k=^ 

/f-1 k=^ 

(26) 

N 

k=^ 

^2EI + E?e^'(^'f (')~'"/f^'f"^'f('+^'f )+'^^'"(^R/^')) +^ -k^f^k 

£2g-/(^/f (f )-fi^/f ffc -<Pk (f+^k )+Ss\n{QfjFt)) 
(27) 

This is in the same form as Equation 10. It states that the electrical spectral density of 
the current produced is a summation of the self-heterodyning spectrum of each 
wavelength. Therefore, the linewidth distribution of a wavelength-division 
multiplexed optical signal does not depend on the wavelength distribution or spacing. 
This is a very interesting finding from the analysis presented, which may seem to be 
self-evident and trivial to laser physicists, but it is important to the understanding of 
coherence in FP laser devices in microwave photonic signal processing. The overall 
coherence in FP laser devices is determined by the contributions of each longitudinal 
mode, and not by the broad spectral width. The spectral width may have its ovm 
coherence, but the laser coherence is dominated by the contributions of the 
longitudinal modes. 

3.2 Linewidth of a Fabry-Perot Laser 

To verify the theoretical result in Equation 27, the linewidth of a FP laser device was 
measured. The experiment was set up as shown in Figure 5. The laser device is a 
Mitsubishi FU-624SHL-4 biased at 40 mA. An E-tek optical isolator was needed to 
minimise back-reflection into the laser affecting its true imbroadened linewidth. The 
optical bandpass filter (BPF) is a Dicon TF-9-1565-1-FC-P-0.9. An optical spectrum 
analyser (OSA — Anritsu MS9710B) was also used. 

The BPF was used to investigate if the broad spectral width of the FP laser device 
influences the linewidth measurement. The vmfiltered and filtered optical spectra of 
the laser are shown in Figure 6. The BPF was tuned to the peak of the laser spectnmi. 
The respective linewidth distributions of the unfiltered and filtered outputs of FU- 
624SHL-4 are as depicted in Figure 7. The weak modulation was due to the residual 
back-reflection. The laser was operating in the coherence collapse regime [13] when 
there was no isolator, i.e. the linewidth was broadened beyond detection (below the 
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floor). The peak of the linewidth distribution for both urtfiltered and filtered outputs 
are similar. Optical filtering attenuated the strength of the hnewidth distribution in 
Figure 7(b), but did not affect the shape of the distribution. The coherence is still 
dominated by the contributions of the filtered longitudinal modes. The attenuation is 
related to the weaker strength of filtered longitudinal modes. This is the first part of 
the experimental confirmation of the theoretical expression in Equation 27. 

FP Laser 
50:50 

OSA 

Phase- 
Modulated 

Delayed Self- 
Heterodyning 
Interferometer 

Figure 5: Arrangement to measure linewidth of a FP laser. 
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Figure 6: Unfiltered and filtered optical spectra ofFU-624SHL-4 biased at 40 mA. 
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Figure 7: Linewidth distribution of unfiltered and filtered outputs. Weak spectral modidation 
due to residual back-reflection makes it difficult to estimate the FP laser linewidth. 

From Equation 27 and Figure 6(a), one may be nustaken to assvune that all the 
longitudinal modes in a FP laser device would have the same Lorentzian linewidth 
distribution. This is not necessarily true because semiconductor laser phase noise, and 
hence linewidth, is dependent on ibe differential refractive index and gain [14]. Both of 
these parameters are dependent on wavelength [10,14]. Furthermore, the modal 
linewidth in Figiu-e 6(a) is misleading due to the dispersive characteristics of the OSA. 

3.3 Linewidth of a Wavelength-Division IVlultiplexed Signal 

In order to consolidate the experimental confirmation of Equation 27, linewidth 
measurements were carried out with a two-wavelength multiplexed optical carrier. 
The experiment was set up as depicted in Figure 8. A dish-ibuted-feedback (DFB) laser 
diode (Alcatel A 1905 LMI) and a tvmable laser source (TLS — Anritsu MG9638A) were 
coupled together to form a two-wavelength multiplexed optical carrier. The TLS has a 
coherence control on-off function, which was useful in this investigation. 

50:50 

OSA 

Phase- 
Modulated 

Delayed Self- 
Heterodyning 
Interferometer 

Figure 8: Linewidth measurement of a wavelength-division multiplexed optical carrier. 
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The optical spectrum of A 1905 LMI biased at 30 mA is shown in Figure 9(a). The laser 
operated near 1556 run, and the side-mode suppression ratio was around 40 dB. The 
linewidth of the laser was measured to be around 2 MHz, which corresponds to a 
coherence length of 100 metres in optical fibres. The linewidth distribution is shown in 
Figure 9(b). Therefore, this DFB laser can only be used to coherently process radio- 
frequency (RF) signals of less that 2 MHz. 
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Figure 9: Optical spectrum and linewidth distribution of A 1905 LMI bias at 30 mA. 

The optical spectra of the TLS are as shown in Figure 10 for both coherence controls off 
and on. The output power and wavelength were timed to match the A 1905 LMI laser 
device, shov^i in Figure 9(a). There is no difference between the two optical spectra 
when coherence control is altered, because the OSA is a dispersive-grating based 
instrument and therefore it does not have MHz or sub-picometre resolution to meastu-e 
laser linewidth. However, the linewidth distributions, shown in Figure 11, are 
significantly different. The linewidth measurements were 1 MHz and 100 MHz for 
coherence controls off and on, respectively, as appears in Figure 11. 

A notch splits the linewidth distribution with coherence control on, depicted in Figure 
11(b). This is a function of the proprietary linewidth broadening mechanism built into 
the laser by the manufacturer. This notch woiild effectively halve the linewidth of the 
laser to 50 MHz, as specified by the manufacturer. 
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Figure 10: Optical spectra oftJte TLS. 
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Figure 11: Linewidth distribution of the TLS. 

Figure 12 shows the optical spectra of the multiplexed outputs from the A 1905 LMI 
biased at 30 mA, shown in Figure 9(a), and the TLS tuned to 1556.68 nm, 1556.60 nm 
and 1556.00 nm, respectively. These wavelength readings are on the TLS, whereas the 
OSA has a small offset of aroimd -0.3 nm compared to the TLS. These spectra were the 
same for both TLS coherence controls off and on. Figure 13 depicts the corresponding 
self-heterodyning spectra of the same multiplexed optical carriers shown in Figure 12. 
The TLS coherence control was off. The three cases are: 

1- ^TLS =1556.68 nm: There was a residual wavelength difference between A 1905 
LMI and the TLS. The difference showed up as a 700 MHz beat signal on the self- 
heterodyning spectrum, shown in Figure 13(a), as predicted in Equation 25. 

2- hiS =1556.60 nm: The wavelength difference is 0.08 nm corresponding to 10 GHz, 
which is clearly identified on Figure 13(b).   The optical spectrum. Figure 12(b), 
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shows what looks to be linewidth broadening due to grating dispersion, but the 
self-heterodyning spectrum in Figure 13(b) does not. 

3.    ^TLS =1556.00 run:   Figure 13(c) simply shows the linewidth distribution without 
any beat signal because it was no longer within the detection bandwidth. 
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Figure 12: Spectra of multiplexed outputs from A 1905 LMI and TLS. 

17 



DSTO-RR-0263 

ftTTEN   10dB       UflUG  999 
RL   BdBm 10dB/ 

J\ f <J ,\ 1 
"Mrt* •—^ J\J Uv Jt*rt »r-*« /■WA, ^ 

flTTEN   IBdB       UflUG  999 
RL   BdBm IBdB/ 

N. ;:7 
X ■"-^ -^^*»> •«^ J VJ*-*"^ r~^ 

STftRT   BHz STOP   IB.00GHz 
RBW   l.BflHz UBW   1.0MHz SWP  2B0cr 

(a) Afi_s =1556.68 nm 

START   BHz STOP   10.00GHz 
RBW   1.0MHz UBW   1.0MHz SWP   200ms 

(b) Aji^s=^556.60nm 

flTTEN   10dB        WUG  999 
RL   0dBm 10dB/ 

D 

START   0Hz 
RBW   1.0MHz 

STOP   10   00GHz 
UBW   1.0MHz SWP  200ms 

(c) Arj-^s =''^55^00nm 

Figure 13: Self-heterodyning spectra of multiplexed outputs from A 1905 LMI and TLS. 

Figure 13(c) cannot complete the experimental proof for Equation 27. The 
measurements needed to do so are shown in Figure 14. These are the linewidth 
measurements of the multiplexed output from the A 1905 LMI and TLS. The TLS was 
tuned to 1556.00 nm and its coherence controls were off and on, respectively. It is not 
so obvious on Figure 14(a), but Figure 14(b) clearly illustrates that the linewidth of the 
A 1905 LMI has filled in the notch of the linewidth dish-ibution of the TLS. In addition. 
Figure 14 reinforces the finding in relation to the FP linewidth measurements 
presented earlier. In addition. Figure 14 is not an example of the synthesis of linewidth 
distribution. It is simply a part of the experimental verification of Equation 27. 

The linewidth of the wavelength-division multiplexed optical carrier does not depend 
on the spectral distribution or wavelength spacing. This completes the experimental 
verification of Equation 27. 
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Figure 14: Self-heterodyning spectra of multiplexed outputs from A 1905 LMI and TLS with 

^LS -1556.00 nm. 

3.4 Summary 

The main finding of this section is that the linewidth of a multi-wavelength optical 
carrier does not depend on the spectral distribution or wavelength spacing. The 
resultant linewidth distribution is a linear combination of the contributioris from each 
wavelength. This impHes that FP laser devices can be coherent or incoherent, i.e. they 
can have both short or long coherence lengths, respectively. Their use in microwave 
photonic signal processing must be appHed selectively. 

The finding of this section is perhaps well known to laser physicists. However, it is 
presented in this research report for completeness. In addition, its emphasis in this 
report is to ensure that engineers, working in microwave photonic signal processing, 
appreciate the difference between Hnewidth and spectral width. 
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4. Linewidth of Phase-Modulated Optical Carriers 

Essentially, internal phase modulation techniques to broaden laser linewidth are well 
known [10]. Linewidth broadening can be achieved internally by varying the refractive 
index in the active region with injection dithering [10]. Another technique is to vary 
the temperature of the active region, which then causes the emission wavelength to 
fluctuate [10]. 

The aim of the research is to experimentally analyse techniques to perform linewidth 
broadening externally without affecting the dynamics of the laser devices under 
operation. Components used in the various experiments are commercial-of-the-shelf 
(COTS). Phase modulation to synthesise optical coherence function is common in the 
area of low-coherence ser\sors [15-19,22]. In reference to microwave photonics, phase 
modulation has been reported in signal synthesis [23]. For completeness, external 
phase modulation is achieved with electro-optic material such as lithium luobate 
(LiNbOa). This section reviews major points of the investigation into the use of an 
electro-optic phase modulator to broaden the DFB laser linewidth. 

4.1 Phase-IVlodulated Optical Field 

Recalling Equation 6, the phase-modulated optical field can be re-written as: 

E^ = E^ef^'^otM%i^s\n{QnFt) ^28) 

By using the trai\sformation with Bessel function identity in Equation 13, the phase- 
modulated optical field becomes 

(^^H^e/KMO)  2^j^(^)e/mQ;„f ^2^^ 
■PM 

m 

E^=Eo f;j^(^)e^'(("o-^^R.>+^(0) (30) 
A77=-oo 

The optical spectral density of the phase-modulated optical field would have 
components at fy^ ± mQ^p for integer m>0. The modulating index, S, would 

determine the strength of each component according to the Bessel function, Jm{^). An 
OSA based on dispersive optics, such as the Anritsu MS9710B, carmot resolve the 
spectral density of a phase-modulated optical carrier. A self-heterodyning 
interferometer is therefore required. 
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4.2 Characterising Phase Modulators 

The voltage required to achieve n optical phase shift, V^^., provides little iiiformation on 

how the phase modulator behaves as a fimction of electrical input power and 
frequency.  The phase modulator has to be characterised in reference to the electrical 
input parameters, such as power and frequency.  The phase-modxilated delayed self- 
heterodyning interferometer illustrated in Figure 4 was utilised to characterise phase 
modulators.  The self-heterodyning spectrum shows the linewidth distribution being 
repUcated at the electrical input frequency and its harmonics. An example is shown in 
Figure 15 illustrating such replication of the laser hnewidth distribution over a large 
detection bandwidth. 
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Figure 15: Typical wideband self-heterodyning spectrum of A 1905 LMI showing harmonics of 
the replication of the linewidth distribution. In (b), Four peaks can be identified at DC, 5,10 

and 15 GHz. These corresponds to m=0,1,2 and 3 in Equation 15. 

By adjusting the electrical input parameters and measuring the power of each 
linewidth replication above the noise floor, the resvilts would then form the response of 
the phase modulator to the input. Figures 16 to 18 are the modulation responses of a 
JDS Uniphase PM150-000738 phase modulator, operating at 1550 nm with an electrical 
bandwidth of 10 GHz. 

At the modulation frequencies of 2-10 GHz, the highest harmonic excited above the 
noise floor was third order, as shown in Figure 18.  The harmoruc excitation in phase 
modulator was more significant near 1 GHz with the sixth-order harmonic observed, 
as depicted Figure 19(a).   However, only the third-order harmonic was observed at 
500 MHz, as shown in Figure 19(b).    This suggests harmonic excitation resonance 
aroimd 1 GHz, which is inherent to this particular phase modulator and may not be 
general in all phase modulators. 
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Figure 16: First-order harmonic modulation responses ofPMlSO. 
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Figure 17: Second-order harmonic modulation responses ofPMlSO. 
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Figure 18: Third-order harmonic modulation responses ofPMlSO. 
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Figure 19: Lowfrequency modulation responses ofPMlSO. 

24 



DSTO-RR-0263 

The self-heterodyning method cannot be used to characterise phase modulators near 
DC, because of the laser self-heterodjniing noise and DC-blocking characteristics of the 
electrical amplifier used. These near-DC characteristics of the phase modulators 
include both the zero-order and low-frequency modulation responses. To overcome 
this near-DC limit, these low-frequency modulation responses can be obtained using 
Figure 20. 

Phase- 
Modulated 

Delayed Self- 
Heterodyning 
Interferometer 

Figure 20: Technique to dmracterise zero-order and hw-frequency responses of phase 
modulators based on the phase-modulated delayed self-heterodyning interferometer. 

The technique shown in Figure 20 would allow the Hnewidth distribution of the phase- 
modulated optical carrier to be observed by the interferometer only if the linewidth 
distribution is repUcated to a frequency higher than the modulation frequency under 
investigation. The experimental arrangement in Figure 20 would also manifest 
linewidth-broadening properties to be discussed next. 

4.3 Linewidth Broadening by External Phase Modulation 

By examining Equation 30 for an optical carrier having a general linewidth. At?, the 
following observations can be made: 

1. If Qfj/r » At>/2, tiie phase-modulated output would be similar to a frequency- 
division multiplexed signal. Each of the harmonics resulting from the phase 
modulation process would have the original linewidth. This is illustrated in Figure 
21(a). This is how the arrangement in Figure 20 would allow both the zero-order 
and low-frequency modulation responses of a phase modulator to be characterised. 

2. If Clp^p <Av/2, the overlapping of each harmonic effectively broadens the 
linewidth of the optical carrier. This is illustrated in Figure 21(a). The extent of the 
linewidth broadening would depend on the harmoruc excitation of a partictilar 
phase modulator for a given electrical input condition. 
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Figure 21: Conceptual linewidth distribution of a phase-modulated optical carrier. 

It is difficult to excite a large number of harmonics in phase modulators for a given 
electrical input, because the Bessel functions oscillate out of phase with each other. 
Weak harmonic excitation, i.e. less than a few harmonics, will limit the level of 
linewidth broadening that can be achieved with the phase modulation technique 
illustrated in Figure 21(b). 

Figure 22 shows a series of self-heterodyning spectra of a DFB laser (Alcatel A 1905 
LMI biased at 30 mA) being externally phase modulated (PM150) with electrical input 
power of 20 dBm. These spectra were obtained using the experimental arrangement 
shown in Figure 20. The phase modulator in the self-heterodyiung interferometer was 
a Micro Photonix International Corporation 10 GHz device. These spectra demonstrate 
the behaviour illustrated in Figure 21(a). They exhibit the zero-order components 
clearly together v^th other harmonics. 

It is worth noting from Figure 21 that the zero-order component of the phase- 
modulated output is strong at low modulation frequencies (less than 30 MHz), while 
the first-order harmonics are higher than the zero-order component for modulation 
frequencies around 50 MHz. This implies that the linewidth broadening by external 
phase modulation, as shown in Figure 21(b), would be more effective using a 
modulation frequency near 50 MHz. 
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Figure 22; Self-heterodyning spectra of A 1905 LMI being externally phase modulated at 
various modulation frequencies. 
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The tunable laser source (TLS) with coherence control on exhibits a broad linewidth 
distribuhon. Figure 11(b), which can be used to confirm the linewidth-broadening 
technique, as illustrated in Figure 21(b). TWs was experimentally demonstrated as 
mustrated m Figure 23. The linewidth distribution was broadened with modulation 
frequencies in the range of 10-50 MHz. When the modulation frequency of 50 MHz 
was used, the linewidth distribution was broadened to 200 MHz, i.e. a broadening 
factor of 2. When the modulation frequency was higher than 50 MHz, which 
corresponds to half of the full-width of the original linewidth, the linewidth 
distribution replication no longer overlapped. 
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Figure 23: Self-heterodyning spectra of the tunable laser source loith coherence control on 
being externally phase modulated at various modulation frequencies. 
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4.4 Summary and Further Discussion 

The phase-modulated delayed self-heterodyning interferometer was proposed and 
successfully used to characterise the responses of an optical phase modulator, i.e. 
harmonic excitation, as a function of electrical input. While harmonic excitation can be 
theoretically represented by Bessel functions, actual physical characterisation would 
provide data on how the harmonics in a particular device are excited for a range of 
electrical input. Harmonic excitation in a phase modulator would determine how 
useful it could be utilised to broaden linewidth distribution without affecting the 
operation of the laser. An experimental demonstration using a COTS phase modulator 
was successful in broadening a linewidth distribution from 100 MHz to 200 MHz. The 
broadening factor of this technique strongly depended on the harmonic excitation. 

It is interesting to compare the coherence of the tmmodulated and phase-modulated 
outputs of the DFB laser, as shown in Figure 22, in comparison to the linewidth- 
broadened output from the TLS with coherence control on. A simple differential delay 
line of 6 metres was constructed with two 50:50 optical couplers. An electrical signal at 
an arbitrary frequency of 650 MHz was used to ampHtude modulate the optical carrier 
externally. The 650 MHz signal was detected using tiie spectrum analyser, and the 
amplitude fluctuation provided a measure of the degree of coherence. 10 dB of 
fluctuation was observed when no phase modulation was applied, while phase 
modulation with 50 MHz reduced the fluctuation to around 3dB. The phase- 
modulated output from the TLS with coherence control on showed no fluctuation. 

It appears that phase modulation does reduce the coherence of an optical carrier. The 
level of reduction is determined by the linewidth replication due to phase modulation. 
The phase-modulated output can be considered as an optical carrier with closely 
spaced wavelenglhs. Unlike the multi-wavelength optical carrier considered in the 
Section 3, the overall coherence of the phase-modulated output described above is 
dependent on the contributions of the narrow linewidth function and the spectral 
distribution of linewidth replication. This is because closely spaced phase-modtdated 
components are highly correlated as they come from the same laser source. 

In order to obtain a smooth broadened linewidth function with external phase 
modulation, as illustrated in Figure 23(e), the narrow DFB linewidth should be 
broadened in two stages consisting of injection dithering and then external phase 
modulation. 

A noise source could not be used with the optical phase modulator to perform 
linewidth broadening. The maximum electrical input power into the optical phase 
modulator is 27 dBm, which would become very low if it has to be distributed over a 
wide noise bandwidth. Such low power per Hz would be ineffective, i.e. the harmonic 
excitation would be low. 
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5. Linewidth Broadening of DFB Lasers 

Using external phase modulation to broaden the linewidth of distributed-feedback 
(DFB) lasers has its limitations, as outlined in the previous section. It was concluded 
that in order to obtain a smoothly broadened linewidth function with external phase 
modulation, the narrow DFB linewidth should be broadened in two stages consisting 
of injection dithering and then external phase modulation. While this combination 
seems obvious, the author has not been able to locate any report describing it. 

5.1 Wavelength Chirping 

The dynamic variation of optical frequency in lasers is referred to as frequency 
chirping [10]. This term is used interchangeably with wavelength chirping. 
Ultimately, frequency chirping is a form of internal phase modulation, which can be 
utilised to broaden laser linewidth. Broadening linewidth by large-signal direct 
modulation would result in a large-signal modulated optical carrier unsuitable for 
microwave photonics signal processing. Direct modulation with a noise source would 
broaden the laser linewidth, but such input noise would consequentially increase the 
output intensity noise [10]. Therefore, the only alternative for frequency chirping 
suitable in this work is small-signal direct modulation at low frequencies, which is well 
known as injection dithering [10]. There are two obvious advantages here: 

1. The low-frequency small-signal modulation on the optical carrier would eliminate 
any problem associated with large-signal modulation. If the small-signal 
modulation is weak, then the optical carrier can be considered as having constant 
power in most microwave photonic signal processing applications. 

2. The low-frequency modulation could be filtered out in post-detection by elechical 
amplifiers, which usually have DC-blocking characteristics. 

5.2 Injection Dithering 

In the investigation of injection dithering, a Fujitsu DFB laser device (FLD5F6CX-H28) 
was used instead of the Alcatel device (A 1905 LMI), because this device has a suitable 
dithering capabiUty built-in through its current source. The experimental arrangement 
is as shown in Figure 24. A voltage function generator provided the injection dithering 
via Thorlabs LCD-500 current source through the analogue modulation input, which 
has a conversion coefficient of 50mA/V. The optical spechoun and linewidth 
dish-ibution of FLD5F6CX-H28 laser device, biased at 40 mA, are as depicted in Figure 
25. It has a measured linewidth of 10 MHz approximately, which compares favourably 
to the manufacturer's specification of 8-50 MHz. The SRS DS345 function generator 
provides a lowest output of 0.01 Vpp, i.e. peak-to-peak value. A sinusoidal modulation 
waveform was used to supply the injection dithering current. Figure 26 depicts a series 
of self-heterodyning spech-a of the Fujitsu laser biased at 40 mA and under various 
dithering conditions. 
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Figure 24: Experimental arrangement for studying injection dithering. 
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Figure 26: Self-heterodyning spectra of FLD5F6CX-H28 biased at ^ mA and being dithered at 
various sinusoidal conditions. 

It can be seen from Figure 26 tiiat if tiie injection dithering is too weak, in terms of both 
amplitude and frequency, then the linewidth broadening is minimal, e.g. Figure 26(a) 
to (c). However, when tiie injection ditiiering was strong, the broadening can split ihe 
linewidth distribution into two peaks, e.g. Figure 26(k) to (o). Interestingly, the 
mapping of the broadened linewidth distribution due to injection dithering can be 
explained and illustrated in the same way as the mapping of a chirped optical 
spectrum due to large-signal modulation [24]. 

In this report, the integrity of ttie broadened linewidth is defined to be the smoothness 
of its distribution. It is believed that the integrity of the linewidth is best preserved if 
the injection dithering broadens the distribution, but maintains it as a single-peak 
distribution, e.g. Figure 26(h) to (j). Equation 17 in Section 2 can be used to define 
coherence corresponding to a single-peak Lorentzian distribution. When the linewidth 
distribution becomes multi-peak, as illustrated in Figure 26(k) to (o), then coherence 
becomes ambiguous. In a two-peak linewidth distribution, it is common to define the 
linewidth as the frequency separation of the two peaks. Figure 26(j) shows a 
broadened linewidth of 120 MHz due to injection dithering with 0.01 Vpp at 1000 Hz, 
as compared to the original linewidth of 10 MHz. 

The temporal and spectral (inset) outputs vmder injection dithering with 0.01 Vpp at 
1000 Hz are shown in Figure 27. The optical output was detected v^dth a low-speed 
photodetector having 1 kQ transimpedance. The temporal output was recorded with a 
Tektroiiix TDS 3045 digital oscilloscope, while the spectral output was taken with a 
Hewlett-Packard HP9441A vector signal analyser. The 1000 Hz dithering component is 
clearly modulated on the optical output. However, the peak-to-peak variation of the 
small-signal modulation is still small compared to the average value. Therefore, such 
an optical carrier would still be suitable for microwave photonic signal processing 
when the signals of interest are at MHz and above. Wideband electrical amplifiers in 
post-detection would filter out tiie 1000 Hz dithering modulation. However, linewidth 
broadening means enhancing optical phase noise, which transforms into intensity noise 
upon detection [10]. Therefore, intensity noise must be analysed systematically. 
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Figure 27: Temporal and spectral (inset) outputs ofFLD5F6CX-H28 biased at 40 mA and 
injection dithered with 0.01 Vpp at 1000 Hz. 

5.3 Injection Dithering and External Phase Modulation 

Injection dithering successfuUy broadened the linewidth of a DFB laser from 10 MHz to 
120 MHz. This linewidth could be further broadened by utilising external phase 
modulation. 

Figure 28 shows a series of self-heterodyning spectra of FLD5F6CX-H28, biased at 40 
mA without dithering, being externally phase modulated at various frequencies. A 
JDS Uniphase PM150-000738 phase modulator was used. External phase modulation 
was able to broaden the linewidth distribution at low modulation frequencies as shown 
in Figure 28(a) to (c). This is due to a significant original linewidth of 10 MHz, as 
compared to 2 MHz from A 1905 LMI laser device. However, the broadening caused 
by external phase modulation becomes ineffective at higher modulation frequencies, as 
depicted by multiple peaks in Figure 28(d) to (f). In fact, the linewidth distribution 
rehimed to its original shape when the phase modulation frequency was tuned to 
around 100 MHz and above. This is due to the strong zero-order component and weak 
harmorucs of the phase modulator. 
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Figure 28: Self-heterodyning spectra ofFLD5F6CX-H28 biased at 40 mA without dithering, 
being externally phase modulated at various modulation frequencies. 

The linewidth of FLD5F6CX-H28 laser device could not be broadened beyond 120 MHz 
without losing some of the integrity in the linewidth distribution by either injection 
dithering or external phase modulation. In case of strong injection dithering, it can 
cause the splitting of the linewidth distribution into two distinct peaks, as shown 
earlier in Figure 26(k) to (o). For external phase modulation, the integrity of the 
broadened linewidth distribution is lost at high electrical modulation frequencies, as 
depicted in Figure 28(d) to (f). 

In order to broaden the linewidth beyond 120 MHz, a combination of injection 
dithering and external phase modulation was proposed and demonstrated. The results 
are shown in Figure 29. These are the self-heterodyning spectra of the dithered output 
of FLD5F6CX-H28 with 0.01 Vpp at 1000 Hz, followed by external phase modulation at 
various frequencies. The combination of injection dithering and external phase 
modulation was able to broaden an original linewidth of 10 MHz to over 200 MHz, 
while preserving the integrity of the linewidth distribution, as shown in Figure 29(d). 
That is an overall broadening factor of over 20, which is double what either injection 
dithering or external phase modulation alone achieved. Such destruction of coherence 
corresponds to a reduction in coherence length from 20 m to less than 1 m in optical 
fibres. However, the effects of intensity noise must be analysed systematically. 
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Figure 29: Self-heterodyning spectra ofFLD5F6CX-H28 biased at 40 mA and dithered with 
0.01 Vpp at 1000 Hz, being externally phase modulated at various modulation frequencies. 

5.4 Summary 

It has been shown in this section that it is possible to broaden the linewidth of a DFB 
laser from 10 MHz to over 200 MHz by a combination of injection dithering and 
external phase modulation. This was double what either injection dithering or external 
phase modulation alone achieved. 

The limitation of this DFB linewidth broadening technique would depend on the 
following: 

36 



DSTO-RR-0263 

1. Susceptibility of frequency chirping to injection dithering, which can be used to 
broaden the original linewidth, while preserving the integrity of the linewidth 
distribution. 

2. Excitation of high-order harmonics of the phase modulator at the operating 
electrical input. External phase modulation can perform linewidth broaderung 
more efficiently with strong harmonic excitation. 

It may be possible to perform DFB linewidth broadening to ~1 GHz if both the laser 
device and phase modulator have the right operating characteristics. Nevertheless, it 
has been shown here that DFB linewidth broadening is possible through a simple 
technique of injection dithering and external phase modulation, turning these laser 
devices into compatible sources for microwave photonic signal processing, based on 
differential delays, in Electronic Warfare systems operating at intermediate frequencies 
in the order of himdreds of MHz. Other photonic techniques can be employed to 
process signals at higher frequencies. 
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6. Conclusions 

The major results from the work presented in this report are: 

1. The linewidth distribuHon of a wavelength-division multiplexed opHcal carrier 
does not depend on the wavelength dishibution or spacing. The phase fluctuation 
of each wavelength contributes linearly to the overall linewidth distribution. 

2. The analysis of linewidth distribution of multi-wavelength optical carrier shows 
that Fabry-Perot (FP) semiconductor lasers can be either coherent or iiicoherent. 
The coherence of FP laser devices is dependent on the phase fluchiation of each 
longitudinal mode, not the spectral width. 

3. External phase modulation can be used to broaden the linewidth of an optical 
carrier. However, linewidth broadening strongly depends on the harmonic 
excitation harmonics of the phase modulator at the operating electrical input. The 
broadening factor was found to be 2 for a commercially available phase modulator. 

4. The penalty of using injection dithering to broaden linewidth of distributed- 
feedback (DFB) laser diodes is a low-frequency small-signal ampUhide modulation 
on the optical carrier. Most microwave photonic signal processors should be able 
to tolerate such low-frequency small-signal amplihide modulation, which would be 
filtered out by the DC-blocking electrical amplifiers in post-detection. 

5. If the low-frequency small-signal amplihade modulation of tiie optical carrier is 
tolerable, then a combination of injection dithering and external phase modulation 
can be utilised to broaden DFB linewidth beyond what either tedmique alone can 
achieve without splitting the linewidtii dish-ibution into peaks. The outcome 
presented in this report shows a 10 MHz linewidth distribution was broadened to 
over 200 MHz. That is a broadening factor of over 20. 

Points 1-4 are known within the laser physics commimity. They were reported to set a 
platform to present a new finding in point 5, i.e. using a combination of injection 
dithering and then external phase modulation to perform linewidth broadening of DFB 
devices to reduce their coherence for microwave photonic signal processing. While 
this combination seems obvious, the author was vmsuccessful in locating any report 
describing such a solution. It may be possible to perform DFB linewidth broadening to 
around 1 GHz if both the laser device and phase modulator have the right operatiing 
characteristics. Nevertheless, a simple combination injection dithering and external 
phase modulation can turn these commercial-off-the-shelf (COTS) DFB laser devices 
into compatible sources for microwave photonic signal processing. 
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7. Recommendations 

It has been shown in this report that DFB linewidth broadening is possible through a 
simple technique of injection dithering and external phase modulation, turning these 
laser devices into compatible sources for microwave photonic signal processing. 
However, all DFB semiconductor lasers commercially available are targeted at the 
telecommtmication applications, and so not all of them would be compatible for 
microwave photonic signal processing applications. 

It is tiierefore necessary to imdertake a characterisation process to determine the 
suitability of a particular laser selection to the specific microwave photoruc signal 
processing appHcation,.including the ability to broaden the linewidth to a magiutude 
required by the system specifications. An analysis of the enhancement of intensity 
noise due to the linewidth broadening process would further improve the 
xmderstanding of its limitations and application in microwave photonic signal 
processing. 

Recommended future research directions to complement the research outcomes 
presented in this report include investigating erbium-doped fibre ring laser (EDFRL) 
configuration as an incoherent multi-wavelength source suitable for microwave 
photonic signal processing. Understanding all types laser technologies suitable for 
microwave photonic signal processing applications would provide engineers with 
alternative design solutions in the development of photonic Electronic Warfare 
systems. 
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